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Factors that determine the competence of cells to respond to extracellular cues are not well understood. We demonstrate
that two HOM-C transcription factors have antagonistic roles in determining the ability of Caenorhabditis elegans vulval
precursor cells (VPCs) to respond to the inductive signal from the anchor cell of the somatic gonad. The vulva develops
from a subset of ectodermal vulval precursor cells distributed along the anteroposterior axis. Vulval patterning depends
on both a localized inductive signal, the LIN-3 growth factor, and lateral signaling between induced VPCs. One HOM-C
gene, the Antp homolog mab-5, is expressed in the posterior two VPCs. By examining the response of single VPCs to
controlled doses of inductive signal in wild-type and in mab-5 mutant animals, we demonstrate that mab-5 reduces the
competence of these two cells. Moreover, a gain-of-function allele of mab-5 that causes ectopic expression of MAB-5 in
all VPCs reduces the sensitivity of all VPCs to inductive signal. Additional experiments suggest that another HOM-C
gene, the Scr homolog lin-39, is required for VPCs in wild-type animals to respond to activation of inductive signal. Genetic
epistasis tests are consistent with models in which lin-39 acts downstream of the RAS pathway to regulate response to
inductive signal. We propose that the spatial pattern of HOM-C gene expression may enhance the precision of vulval fate
patterning. q 1997 Academic Press
INTRODUCTION function in multiple cell types (reviewed in Lawrence and
Morata, 1994; Salser, and Kenyon, 1994) and at multiple
Induction is an important mechanism generating cell times during development (e.g., Castelli-Gair et al., 1994;
type diversity during animal development (Spemann, 1938). Hoppler and Bienz, 1994). HOM-C genes control diverse
Inductive pattern formation often requires that either pre- targets, including HOM-C genes, other transcriptional regu-
sentation of a signal or the competence to respond be re- lators, intercellular signaling proteins, and structural pro-
stricted to a limited ®eld of cells (Dickson et al., 1992; teins that may be effectors of differentiated fate (see Mastick
Gurdon, 1992; Placzek et al., 1993; Sokol, and Melton, 1991; et al., 1995, for review). A given HOM-C gene can upregu-
Waring et al., 1992). Relatively little is known about the late some targets and downregulate others (e.g., Gould and
genetic pathways that mediate changes in competence. White, 1992; Graba et al., 1992). The HOM-C cluster of the
Here we examine mechanisms by which homeotic cluster nematode Caenorhabditis elegans comprises ceh-13, lin-39,
(HOM-C) transcription factors generate a pattern of compe- mab-5, and egl-5, respective orthologs of the Drosophila
tence in a developmental ®eld. genes labial, Sex combs reduced/deformed/proboscipedia,
Diverse metazoa possess HOM-C genes: transcriptional Antennapedia, and Abdominal-B (Hunter and Kenyon,
regulators that establish position-speci®c identities along 1995; reviewed in Salser et al., 1994). Here we examine the
the body axis (Lewis, 1978; Krumlauf, 1994). HOM-C genes roles of lin-39 and mab-5 in speci®cation of the fates of
vulval precursor cells (VPCs), a subset of the ventral epider-
mal Pn.p cells.1 Present address: Department of Biochemistry, University of
In C. elegans, the Pn.p cells are positioned along the antero-Kentucky Medical Center, 800 Rose Street, Lexington, KY 40536-
posterior axis of the ventral cord (Sulston and Horvitz,0084.
1977). Pn.p fates are speci®ed in at least two steps. First,2 To whom correspondence should be addressed. Fax: (818) 568-
8012. they adopt fates that correlate with their anteroposterior
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position. The anterior cells, P(1,2).p, and three of the poste- tent with LIN-39 activity acting as a positive regulator of
vulval induction: reducing LIN-39 activity reduces the re-rior cells, P(9±11).p, undergo cell fusion with an epidermal
syncytium (Sulston and Horvitz, 1977). This nonvulval fate sponse of VPCs to inductive signal. Finally, analysis of dou-
ble mutants suggests that lin-39, and possibly mab-5, actsis designated 47 (Sommer and Sternberg, 1994). In some ani-
mals P3.p also adopts the 47 fate. Second, the six central downstream of both the inductive signaling pathway and
the lateral signaling pathway in regulation of VPC compe-ectoblasts P(3±8).p that remain unfused, the VPCs, are com-
petent to adopt vulval fates in response to an inductive tence.
signal (Sulston and White, 1980; Kimble, 1981; Sternberg
and Horvitz, 1986). LIN-39 is necessary for VPC speci®ca-
tion; in the absence of LIN-39 activity, P(3±8).p fuse (Clark MATERIALS AND METHODS
et al., 1993; Salser et al., 1993). There are two distinct vulval
fates, designated 17 and 27, as well as one additional nonvul- General Methods and Strains
val fate, designated 37 (Sulston and White, 1980; Sternberg
Methods for maintaining C. elegans were according to standardet al., 1986; Katz et al., 1995). During wild-type develop-
procedures (Brenner, 1974). Strains were maintained at 207C, unlessment, the VPCs adopt one of two patterns of fates, desig-
otherwise noted. The following alleles were used: for LG II,nated 373727172737 or 473727172737.
syIs12[hsLIN-3EGF; dpy-20(/)], let-23(n1045, sa62), lin-7(n308);The invariant pattern of fates of P(4±8).p depends on
for LG III, lin-12(n952, n137), lin-39(n709), mab-5(e1239, e2088,
the combined action of at least three signaling pathways e1751), dpy-17(e164), unc-36(e251), unc-32(e189); for LG IV, lin-
(reviewed in Katz and Sternberg, 1996; Kenyon, 1995). 1(sy254), let-60(n1046); for LG V, him-5(e1490); for LG X, lin-
The inductive signal from the gonad, encoded by lin-3 2(n768) (Brenner, 1974; Ellis, 1985; Ferguson and Horvitz, 1985;
and produced by the anchor cell, can induce the 17 and 27 Kenyon, 1986; Hedgecock et al., 1987; Beitel et al., 1995; Katz et
al., 1995, 1996).fates in a graded manner. A lateral signal between adja-
cent VPCs promotes an alternating 271727 pattern of fates
and can function either inductively or comparatively
Cell Ablations and VPC Fate Assignment(Sternberg, 1988; Katz et al., 1995; Koga and Ohshima,
1995; Simske and Kim, 1995). Inhibitory signaling from Cell ablations were performed with a laser microbeam by stan-
surrounding cells prevents vulval differentiation in the dard methods (Sulston and White, 1980; Avery and Horvitz, 1987).
absence of inductive signal. Additional regulators modu- Gonad ablation was performed during the L1 stage and all VPC
late activity of the vulval induction pathway in re- isolations were performed by ablating Pn.p cells within 1 hr after
the L1 molt. Success of gonad ablation was con®rmed prior to Pn.psponding VPCs. Genes that encode effectors of vulval in-
divisions using Nomarski optics.duction are de®ned by loss-of-function (lf) mutations that
To determine VPC fate, animals were mounted on agar pads andconfer a vulvaless (or Vul) phenotype; genes involved in
examined using Nomarski optics. VPC fates were assigned in onenegative regulation of vulval induction are de®ned by lf
of two ways. In Tables 1 and 2 and in Fig. 4, VPC fates were classi-mutations that confer a multivulva (or Muv) phenotype.
®ed as vulval or nonvulval by examination of the vulval anatomy
Analysis of these mutants has led to a genetic pathway of animals during the L4 stage. Percentage induction for each VPC
mediating VPC induction (reviewed by Eisenmann and was determined by dividing the total number of times each VPC
Kim, 1994; Kayne and Sternberg, 1995; see Fig. 5C). had adopted a vulval fate by the total number of animals scored and
What factors in¯uence the competence of VPCs to re- multiplying by 100. In Fig. 1 and Fig. 3, VPC fates were classi®ed as
spond to inductive signal? Comparative studies of nema- 17, intermediate, 27, half-vulval, 37, or 47, as described (Katz et al.,
1995). In these animals, the third round of VPC divisions was ob-tode vulval development have revealed that the competence
served using Nomarski optics during the third larval lethargus. Forof VPCs to adopt vulval fates can vary among species of
animals in Fig. 1, after observing the vulval cell lineages, animalsRhabditidae. Strikingly, competence correlates with the
were returned to culture dishes and the ®nal morphology of theanteroposterior position of the Pn.p cells (Sommer and
vulval tissue was determined by viewing the animals with Nomar-Sternberg, 1994, 1996). Because HOM-C genes are instru-
ski optics approximately 7 hr later.
mental in establishing differences in potential along the lin-39(n709) is temperature sensitive. Animals in Figs. 3 and 4
anteroposterior axis in other organisms, it was suggested were grown and observed at 257C. Animals in Table 1 were grown
that domains of HOM-C gene expression might regulate and observed at the semipermissive temperature of 207C. Animals
acquisition of vulval competence (Sommer and Sternberg, in Table 2 and Fig. 4 were grown at 207C and upshifted to 257C
1994, 1996). after gonad ablation in the L1 stage.
We have tested whether HOM-C genes in¯uence the re-
sponse of VPCs to activation of the inductive signaling path-
Heat Shock of Transgenic Animalsway in C. elegans. By examining single VPCs, we ®rst dem-
onstrate that MAB-5 activity renders the more posterior Animals described in the legend to Fig. 1 and syIs12; lin-39(n709)
VPCs, P(7,8).p, less responsive to inductive signal than the animals were heat shocked using the protocol of Katz et al. (1995).
more central VPC, P6.p. During wild-type development this To control for the possibility of day-to-day variation in the experi-
spatial pattern of MAB-5 activity may enhance the precision ments of Fig. 1, each individual experiment examined the response
of two groups of animals, one group bearing a single given VPCof vulval fate patterning. We then provide evidence consis-
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and the other set bearing a different single VPC. In particular, tion by the EGF domain of lin-3. Using this sensitive assay
within each strain we examined all possible combinations of pairs we observed an effect of MAB-5 on both P7.p and P8.p. In
of VPCs in parallel and also compared P8.p between the two strains mab-5(/) animals, P6.p adopted the 17 fate in 16/23 cases,
in parallel. The strains used in these experiments bore syIs12, a and 27 or 37 fates were not observed; P7.p and P8.p could
low copy number, chromosomally integrated derivative of an extra- adopt any fate, and only 3/16 and 4/22, respectively, adopted
chromosomal transgene bearing the EGF domain of LIN-3 fused to
the 17 fate (Figs. 1A±1C; using Fisher's exact test, P 0.005a tissue general heat shock promoter (Katz et al., 1995).
for P6.p versus P7.p, P  0.001 for P6.p versus P8.p). In the
absence of mab-5 activity, P6.p, P7.p, and P8.p displayed
indistinguishable responsiveness: 10/15, 8/13, and 8/15, re-RESULTS
spectively, adopted the 17 fate, and none adopted the 37 fate
(Figs. 1D±1F). Therefore, mab-5 normally makes both P7.pSpeci®cation of Pn.p Cells
and P8.p less responsive than P6.p to inductive signal. There
C. elegans develops through four larval stages (L1±L4). is thus a spatial pattern of VPC response that is controlled
Pn.p cells that adopt the 47 fate, normally P(1,2).p and in part by MAB-5. The effect of MAB-5 activity on P8.p is
P(9±11).p, fuse with the epidermal syncytium during the not consistent with MAB-5 simply promoting cell fusion;
L1 stage. Sometimes P3.p also adopts a 47 fate and fuses in mab-5(/) animals whose vulval differentiation is driven
with the epidermal syncytium prior to presentation of by heat shock LIN-3, P8.p most commonly adopts the 27
the inductive signal. Cells that adopt the 47 fate are, by fate, while P6.p most commonly adopts the 17 fate even
de®nition, not competent to adopt vulval fates. The re- though there is no difference in cell fusion between these
maining Pn.p cells, P(4±8).p, remain unfused throughout two fates.
the L2 stage and are competent to adopt a vulval fate. To exclude the possibility that the differences between
Pn.p cells that adopt 17 or 27 fates undergo three rounds VPCs observed in the heat shock experiments were due
of cell division during the L3 stage and morphogenesis to inhomogeneities in expression of the heat shock LIN-3
during the L4 stage to form the mature vulva. Pn.p cells transgene, we examined VPC fates after gonad ablation in
that do not receive suf®cient inductive signal to be in- animals bearing a gain-of-function mutation of let-23, the
duced adopt the 37 fate. Such cells divide once and then receptor for inductive signal. In these animals the spatially
fuse with the epidermal syncytium during the L3 stage. graded inductive signal is removed and the vulval induction
Thus, each of these Pn.p cell fates is morphologically dis- pathway is activated cell autonomously (Katz et al., 1996).
tinguishable by the progeny they produce. In these animals, P(3±7).p usually adopted vulval fates,
while P8.p adopted a vulval fate in only 1 of 11 animals
(Fig. 2A). However, in let-23(gf); mab-5(lf) double mutants,Loss of MAB-5 Increases Responsiveness to the P8.p adopted a vulval fate in all 20 animals (Fig. 2B). Thus,Vulval Induction Pathway this assay supports the conclusion that mab-5 activity
makes P8.p less responsive to activation of the inductiveTwo observations suggested that the more posterior
VPCs, P(7,8).p, might differ from P(4±6).p. First, previous signaling pathway in intact ®elds of VPCs. Since vulval
fates (17 versus 27) were not classi®ed in this experiment,work raised the possibility that these two more posterior
cells might be less sensitive to low levels of inductive signal this assay is presumably less sensitive than the single VPC
experiment and is thus unable to detect an effect of MAB-5(e.g., Katz et al., 1995). Second, as noted below, P(7,8).p are
more sensitive to reduction in lin-39 activity than P(4±6).p activity on P7.p.
In these experiments we also observe that mab-5(lf) re-with respect to adoption of the 47 fate. We therefore exam-
ined the effect of mab-5 mutations on the sensitivity of duces the response of the anterior Pn.p cells, P(3±6).p, to
activation of the inductive signal (Fig. 2). None of thesethese cells to LIN-3, since MAB-5 protein can be detected
only in posterior Pn.p cells, in a domain bounded by P7.p cells express MAB-5 protein in wild-type animals (Salser
et al., 1993). One formal but unlikely explanation for thisand P11.p (Fig. 5B) (Salser et al., 1993). mab-5 activity is
not essential for vulval formation: mab-5 mutant animals observation is that this double mutant strain bears a second,
unidenti®ed mutation that affects the sensitivity of theseare egg-laying competent (Kenyon, 1986). To test whether
mab-5 in¯uences the developmental potential of the poste- cells. Alternatively, MAB-5 might exert a long-range effect.
For example, loss of MAB-5 activity might shift the localiza-rior VPCs, we took two approaches. First, we tested whether
MAB-5 could alter the responsiveness to inductive signal tion of extracellular factors or might affect the expression
domains of LIN-39 or a more anterior homeotic gene.of single VPCs. In previous work we established stable
transgenic strains bearing the active EGF domain of LIN-
3, the inductive signal, under the control of a heat shock
Increased mab-5 Function Enhances Weak Vulpromoter (Katz et al., 1995). In these animals, the dose of
Mutationsinductive signal can be controlled by the extent of heat
shock. We ablated the gonad primordium and ®ve VPCs Genetic interactions between a mab-5 gain-of-function
(gf) mutation and Vul mutations support the hypothesis thatin such transgenic animals and observed the vulval fates
adopted by the remaining single VPC in response to induc- MAB-5 negatively modulates VPC response (Table 1B). The
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FIG. 1. Vulval fates observed in isolated Pn.p cells after gonad ablation and stimulation with the EGF domain of LIN-3. (A±C) mab-
5(/) background. (D±F) mab-5(0) background. Vulval fates were classi®ed as described by Katz et al. (1995). n denotes the number of
animals examined; N denotes the number of VPCs that adopted each particular fate. H and int refer to two distinct classes of aberrant
vulval fates described by Katz et al. (1995). Brie¯y, H denotes a half-vulval lineage in which one Pn.px daughter (either Pn.pa or Pn.pp)
adopted a nonvulval fate while the other Pn.px daughter underwent the cell divisions and morphogenesis characteristic of a vulval lineage.
Int denotes a lineage that displays characteristics of both a 17 and a 27 vulval fate.
gain-of-function mab-5 mutation e1751 causes MAB-5 ex- formed from P(6±8).p. We also observed that the anchor cell,
the source of the inductive signal, was shifted posteriorlypression in inappropriate cells, including P(3±6).p (Salser
and Kenyon, 1992). Reduction-of-function mutations in lin- relative to the VPCs in these mutant animals. Therefore,
MAB-5 activity is involved in generating the normal pattern2 and lin-7 can cause reduced levels of vulval differentia-
tion; lin-2 and lin-7 are thought to help let-23 function effec- of VPC competence and establishing or maintaining correct
relative positioning of the inductive signal source. Both oftively (Hoskins et al., 1996; Katz et al., 1996; Simske et al.,
1996). let-23(n1045) is a temperature-sensitive allele that these functions of MAB-5 appear to contribute to precise
vulval patterning and promote centering of the vulval pat-reduces the amount of vulval differentiation at 207C. Dou-
ble mutant animals bearing both mab-5(gf) and any one of tern around P6.p.
these three mutations displayed drastic reduction in both
the average number of cells per animal that adopted vulval
LIN-39 Activity Plays Two Separate Roles in Pn.pfates and the number of animals that displayed any vulval
Speci®cationfates (Table 1B). mab-5(gf) does not cause central Pn.p cells
to adopt ectopic 47 fates, presumably because these cells Previous work demonstrated that LIN-39 activity plays
express suf®cient LIN-39 activity to prevent fusion. an important role in Pn.p fate speci®cation. A lin-39-lacZ
reporter is restricted to only P(3±8).p in L1 animals and
LIN-39 activity is required to prevent these six cells fromMAB-5 Activity Plays Multiple Roles in Vulval
adopting the 47 fate (Fig. 5B) (Clark et al., 1993; Wang etPatterning
al., 1993). These studies also suggested that LIN-39 has an
additional role in Pn.p fate speci®cation, as LIN-39 mosaicMAB-5 activity is required for normal vulval patterning.
We observed aberrant vulval patterning in animals taken animals and animals bearing the reduction-of-function (rf)
lin-39(n709) mutation can display partially defective Pn.pfrom two independent mab-5(lf) strains [10/37 mab-
5(e1239) animals and 11/41 mab-5(e2088) animals]. Spe- cell lineage defects (Ellis, 1985; Clark et al., 1993). Ellis
(1985) also provided evidence that LIN-39 activity has twoci®cally, in 18 of these 21 animals, the pattern of vulval
induction was shifted posteriorly such that the vulva was temperature-sensitive periods, the later of which is required
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TABLE 1for normal egg laying. Here we examine vulval fates in a
HOM-C Mutations Interact with the Vulva-Inducing Geneslarger number of lin-39(n709) animals and demonstrate that
the later n709 temperature-sensitive period represents the
% of animalsrequirement for LIN-39 activity in the normal response to
Strain Cells/animal with induction ninductive signal.
To examine the role of LIN-39 in Pn.p response to induc- (A) Wild type
tive signal, we examined the vulval anatomy of L4 lin-
N2 3.0 100 8039(n709) animals grown at 25.57C (Fig. 3B, compare to Fig.
3A). In these animals some central Pn.p cells adopt 47 fates.
(B) mab-5Strikingly, the pattern of Pn.p fusion in lin-39(n709) ani-
mals was nonrandom. In 20 animals observed during the mab-5(gf) 3.0 100 40
lin-2(rf) 2.7 95 40L4 stage, all 29 cases in which central Pn.p cells adopted
lin-7(rf) 1.1 55 40the 47 fate occurred in P(7,8).p and not P(4±6).p (as noted
let-23(rf) 2.7 100 40above, P3.p can adopt a 47 fate in wild-type animals and
lin-2(rf); mab-5(gf) 0.5 28 40was therefore excluded from this analysis). In these lin-
lin-7(rf); mab-5(gf) 0.0 0 4039(n709) animals, P8.p adopted the 47 fate in all 20 animals,
let-23(rf); mab-5(gf) 0.04 8 40while P7.p adopted the 47 fate in 9/20 animals. The relative
sensitivity of P7.p and P8.p to reductions in LIN-39 activity
(C) lin-39could be the result of MAB-5 expression in these cells and
lin-39(rf) 2.4 100 40is consistent with MAB-5 acting antagonistically to LIN-39
lin-2(rf) 2.8 100 40in this early fate decision. In addition to these ectopic 47
lin-7(rf) 1.1 58 40
let-23(rf) 2.4 98 40
lin-2(rf); lin-39(rf) 0.6 58 40
lin-7(rf); lin-39(rf) 0.5 35 40
let-23(rf); lin-39(rf) 0.5 38 40
Note. Genetic interactions between Vul genes and HOM-C
genes. (A) Wild type. (B) Enhancement of the vulvaless phenotype
by mab-5(gf). (C) Enhancement of the vulvaless phenotype by
lin-39(rf). Abbreviations: cells/animal denotes the average number
of Pn.p cells that adopted vulval fates; % of animals with induction
refers to the fraction of animals that displayed vulval differentia-
tion; n denotes the number of animals examined. The following
alleles were used: lin-2(n768), lin-7(n308), let-23(n1045), lin-39
(n709), and mab-5(e1751). Since many of the mutations in this
experiment are temperature sensitive, all experiments were done
with parallel controls at a constant temperature, on the same shelf
of the same incubator. The differences between double mutants
and the corresponding single mutant controls in % of animals with
induction are all statistically signi®cant (Fisher's exact test) except
for the lin-7; lin-39 double mutant strain (P  0.08, Fisher's exact
test). In this strain, the difference in number of cells induced per
animal is signi®cant (P  0.05, Wilcoxon rank sum test).
fates, we observed aberrant vulval fates in n709 animals.
To examine this issue more closely, we determined vulval
lineages in 10 additional n709 animals grown at 257C (Fig.
4). In these animals, ectoblasts often initiated the normal
pattern of cell divisions characteristic of vulval fates, but
progeny cells frequently fused with the epidermal syncy-
tium. In some respects, these lineages resemble those ob-
FIG. 2. Frequencies of vulval induction observed in gonad-ablated served in other Vul mutant backgrounds: VPCs that nor-
hermaphrodites bearing the gain-of-function mutation let-23
mally adopt 17 or 27 fates instead adopted half-vulval fates(sa62gf). (A) Frequencies observed in a mab-5(/) background. (B)
(one of the VPC daughters fused; the other generated vulvalFrequencies observed in hermaphrodites bearing the loss-of-func-
tissue) or 37 fates. However, we also observed defects thattion mab-5(e1239lf) mutation. % induced was determined by divid-
are not generally observed in Vul mutant backgrounds: VPCing the number of times each Pn.p was induced by the total number
of animals and multiplying by 100. progeny frequently fused after two rounds of cell division
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FIG. 3. Nomarski photomicrographs of the hermaphrodite vulva. (A) Wild-type L4 animal. (B) lin-39(n709) L4 mutant animal. (C) Gonad-
ablated lin-1(sy254) animal at the L3 lethargus. (D) Gonad-ablated lin-39(n709); lin-1(sy254) double mutant animal at the L3 lethargus.
Symbols: large, white arrowheads (with black borders) denote Pn.p or Pn.p daughter nuclei that have fused with the epidermal syncytium;
small, white arrowheads denote Pn.p granddaughter nuclei that have undergone fusion. In (A) and (B) the region of the vulval tissue is
demarcated by the black bars. The position of the AC in these panels is denoted by the large black arrowhead. In (C) and (D) vulva nuclei
are indicated by small black arrows. The scale bar is 20 mM. Ventral is toward the bottom; anterior is to the left in (B) and to the right
in (A, C, and D).
and the relative timing of many vulval divisions was dis- likely accounts for the slightly milder phenotypes observed
in the lineages.rupted. The slight (0.57C) temperature difference between
the lineage experiment and the vulval anatomy experiment To test whether LIN-39 activity was required after the
L1 stage for the speci®cation of Pn.p fate, we performed a
temperature shift experiment using lin-39(n709) animals
and scored for the presence of normal 27 fates (the fate most
frequently affected in intact n709 animals). To focus on
only the late activity of LIN-39, we exclude any case in
which P5.p or P7.p adopted the 47 fate. In n709 mutant
animals grown continuously at the permissive temperature
of 157C, P5.p and P7.p adopt the 27 fate in 90% of all cases
(n  48), the half-vulval fate 8% of the time (n  48), and
the 37 fate only once (n  48). Conversely, in mutant ani-
mals grown continuously at the nonpermissive temperature
of 25.57C, P5.p and P7.p adopt 27 fates in only 22% of all
cases (n  31); in the remaining 78% of all cases, they adopt
the half-vulval or 37 fate. In animals grown at the permissive
temperature during the L1 stage (when 47 fates are deter-
mined) and then shifted to the nonpermissive temperature
during the L2 stage, P5.p and P7.p adopt half-vulval or 37
fates in 68% of all cases (n  28) and only adopt normal 27FIG. 4. Vulval cell lineages observed in lin-39(n709ts) hermaphro-
dites. The lineage of wild type is displayed in the upper section. fates in 32% (n  28) of all cases. By contrast, in animals
Abbreviations: Egl, egg laying; / indicates that the animal laid grown at the nonpermissive temperature during the L1 stage
eggs, { indicates that progeny of the worm escaped the vulva but and then shifted to the permissive temperature during L2
no eggs were observed, 0 indicates that the worm laid no eggs. stage, P5.p and P7.p usually adopt normal 27 fates (89%, n
Abbreviations for divisions of Pn.pxx nuclei follow Sternberg and  47). These results demonstrate that LIN-39 activity dur-
Horvitz (1986): L, longitudinal division; underlining indicates that ing the L1 stage is not suf®cient to promote normal vulval
progeny adhered to the ventral cuticle at the L2 molt; O, oblique
development and reducing LIN-39 activity after the L1 stagedivision; T, transverse division; D, division occurred with axis not
is suf®cient to disrupt the VPC response to induction.observed; N, division did not occur and cell migrated dorsally; U,
division did not occur; underlining indicates that progeny adhered The Late Activity of LIN-39 Is Required for
to the ventral cuticle; ?, fate was not determined with con®dence;
Normal Response to Inductive SignalS, Pn.p or Pn.px did not divide and fused with the syncytial epider-
Taken together, these results are consistent with amis; s denotes a Pn.pxx nucleus that fused. Lineages classi®ed as
17 are boxed. Animals in this experiment were maintained at 257C. model in which LIN-39 plays at least two roles in Pn.p
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fate speci®cation: an early role in which LIN-39 activity VPC decision. Second, LIN-39 activity later acts in conjunc-
tion with the Vul genes to affect the ability of VPCs toprevents the central Pn.p cells from adopting the 47 fate
and a later role in mediating Pn.p adoption of a vulval adopt vulval fates in response to inductive signal (Fig. 5A).
fate. In this view, the role of LIN-39 in response to induc-
tive signal is either as an effector of the inductive signal-
HOM-C Input Is Integrated Downstream of theing pathway or as a transcriptional regulator of such an
Vulva Induction Pathwayactivity. These results are also consistent with an alterna-
tive model in which LIN-39 acts in a manner that is inde- How do lin-39 and mab-5 control VPC competence? To
address this question we examined double mutants bearingpendent of response to inductive signal to prevent fusion
at all stages of the vulval lineage. The ®rst model predicts HOM-C mutations that reduce VPC competence and muta-
tions that activate the inductive signaling pathway. Therethat VPCs in animals bearing a lin-39(rf) mutation should
display reduced response to inductive signal. We took two are two extreme models. HOM-C genes might either regu-
late expression of a single component of the vulval induc-approaches to test this prediction.
In the ®rst approach we examined whether VPCs in ani- tion pathway or regulate multiple components. In either
view, a mutation that activates the pathway downstreammals bearing lin-39(rf) respond less frequently than VPCs
in lin-39(/) animals under conditions in which the dose of of the most downstream HOM-C target should bypass
HOM-C control, while a mutation that activates the induc-inductive signal is controlled. We constructed a lin-39(rf)
strain bearing syIs12, the heat-shock-inducible LIN-3EGF tive pathway upstream of a HOM-C target should be sup-
pressed. To examine these possibilities, we tested whetherconstruct, and compared the response of VPCs in such go-
nad-ablated transgenic animals after a moderate heat shock lin-39(rf) and mab-5(gf) could suppress two mutations that
can activate the inductive signaling pathway in the absence(307C, 11 min) to the response of VPCs in gonad-ablated
syIs12; lin-39(/) animals. These animals were grown at the of inductive signal. We constructed strains bearing both a
HOM-C mutation and a Muv mutation and then deter-semipermissive temperature of 207C and then shifted to
25.57C after gonad ablation. To exclude known positional mined the extent of vulval differentiation in gonad-ablated
double mutant animals (Table 2). We found that a gain-of-differences between VPCs and to exclude 47 fates (because
only P3,7,8.p adopt 47 fates in n709 animals), we considered function mutation in let-60RAS was suppressed by both lin-39
(rf) and mab-5(gf), implying that both of these genes mustonly the central three VPCs, P(4±6).p. Under these condi-
tions we observe that VPCs in lin-39(rf) animals are indeed interact with either let-60RAS itself or at least one target
gene that mediates RAS function. We also examined theless responsive than VPCs in lin-39(/) animals. Speci®-
cally, in 13 syIs12; lin-39(n709) animals only 22/39 P(4± effect of a lin-39(rf) mutation on animals completely lack-
ing lin-1, an ETS domain transcription factor that functions6).p cells adopted vulval fates, whereas in 10 syIs12; lin-
39(/) animals, P(4±6).p cells adopted vulval fates in 27/30 negatively downstream of MAPK in the vulval signal trans-
duction pathway (Beitel et al., 1995). As the Muv phenotypecases (P  0.01, Fisher's exact test). Therefore, reducing
LIN-39 activity impairs the ability of VPCs to respond to of lin-1(lf) is suppressed in this double mutant (Figs. 3C and
3D), lin-39 must either regulate an effector of LIN-1 or itselfinductive signal. Intriguingly, under milder heat shock con-
ditions, VPCs in syIs12; lin-39(rf) animals responded simi- be required to mediate LIN-1 function. As our epistasis anal-
ysis can only detect regulation of let-60(gf) and lin-1(lf) ef-larly to VPCs in syIs12; lin-39(/) animals: VPCs adopt vul-
val fates infrequently in both strains. One explanation for fector genes, it remains possible that the HOM-C genes
might also regulate additional components of the inductivethis result is that higher levels of LIN-39 activity are re-
quired to respond to higher levels of inductive signal and signaling pathway. Our epistasis experiments do not ad-
dress whether the inductive signaling genes function in an709 does not reduce LIN-39 activity suf®ciently to affect
VPC fate under these conditions. linear or a branched pathway. If let-60RAS and lin-1 func-
tion on parallel pathways, our results indicate that lin-39In the second approach, we tested whether the vulval
defects caused by lin-39(rf) enhanced the induction defects (and possibly mab-5) regulates effectors common to both
pathways or functions downstream of the convergence ofobserved in a Vul mutant background. We therefore ana-
lyzed the extent of vulval differentiation in three double the two pathways. The residual induction observed in cer-
tain of these double mutant strains presumably re¯ects themutant combinations defective in both lin-39 and a Vul
gene (Table 1C). lin-39(rf) enhances the Vul phenotype of hypomorphic nature of the lin-39 allele that could be used.
Interpretation of these experiments is not affected by thelin-2, lin-7, or lin-23 reduction-of-function mutations (Ta-
ble 1C). In these animals, we also observed that cells that use of nonnull alleles of the HOM-C genes because in the
double mutant combinations described, the nonnull allelesdid not generate vulval tissue typically adopted 37 rather
than 47 fates, suggesting that Vul gene activity did not in- are epistatic rather than hypostatic to the mutations that
activate the inductive signaling pathway.¯uence the requirement for LIN-39 activity in regulating
the 37 versus 47 fate decision. We note that the epistatic effect of lin-39(rf) that we ob-
serve here is morphologically distinct from the epistaticTherefore, LIN-39 appears to have at least two activities
that affect Pn.p competence. First, LIN-39 acts independent effects that have previously been described for null muta-
tions in lin-39 (Clark et al., 1993). In double mutant animalsof the Vul genes in the L1 stage to regulate the 47 versus
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bearing both lin-39(rf) and a Muv mutation, VPCs that do
not adopt vulval fates typically divide once and adopt the
37 fate (Table 2), whereas VPCs in animals bearing both lin-
39(lf) and a Muv mutation adopt the 47 fate (Clark et al.,
1993). This result reinforces our view that lin-39 plays two
distinct roles in VPC fate speci®cation: a late role in which
lin-39 mediates the 37 versus vulval fate decision and an
earlier role in which lin-39 activity regulates the 47 fate
versus VPC decision.
Neither activation of RAS nor elimination of LIN-1 af-
fected the ectopic 47 fates caused by lin-39(rf), consistent
with the 47 versus VPC decision controlled by LIN-39 being
independent of the activities of the vulval induction genes
(Fig. 5A). This result contrasts with the normal 47 versus
VPC fate decision in P3.p, as this decision can be in¯uenced
by ectopic activation of the inductive signaling pathway
(Sulston and Horvitz, 1981; Ferguson et al., 1987). As we
discuss below, this result implies that the fate of P3.p is
not determined solely by ¯uctuations in the level of LIN-
39 activity.
LIN-39 Activity Might Be Required for Response to
the Lateral Signal
Given that lin-39 activity is required to respond to induc-
tive signal, we examined whether LIN-39 input was also
involved in response to the lateral signal. We therefore ex-
amined the extent of vulval induction in gonad-ablated dou-
ble mutant animals bearing lin-39(rf) and a weak gain-of-
function mutation in lin-12, the receptor for the lateral sig-
nal (Table 2A). In lin-12(gf); lin-39(/) animals most VPCs
generate vulval progeny; in lin-12(gf); lin-39(rf) animals
most VPCs adopt the 37 fate. This result is consistent with
HOM-C input being integrated at the level of transcription,
downstream of the convergence of the lateral and the induc-
tive signaling pathways (Fig. 5C). Alternatively, this resultFIG. 5. (A) Schematic outline of the genetic pathways in¯uencing
Pn.p fusion and the vulva-inducing genes. Prior to presentation of is also consistent with LIN-39 acting upstream of LIN-12
inductive signal (EARLY), LIN-39 activity inhibits Pn.p fusion and to regulate LIN-12 expression in the VPCs. Neither lin-39
promotes the activity of the vulval-inducing genes. Based on the (rf) nor mab-5(gf) can block the effect of the stronger gain-
observation that P(7,8).p preferentially adopt the 47 fate in lin-39(rf)
animals, we suggest that MAB-5 acts antagonistically to LIN-39 at
this stage, promoting VPC fusion. Once the inductive signaling
genes have been activated (LATE), they act through LIN-39 and
prevent fusion. The epistatic relationship between mab-5 and lin-39 P7.p (Sternberg and Horvitz, 1989; Katz et al., 1995). In the sequen-
has not been determined and it remains possible that mab-5 acts tial induction model, the lateral signal from P5.p and P7.p to P6.p
on lin-39. Also, the interactions drawn are genetic and do not imply does not occur (Simske and Kim, 1995; Koga and Oshima, 1995). Bar
that the vulval-inducing genes are necessarily direct targets of graphs illustrate the activity pattern of LIN-39 and the expression
HOM-C regulation. (B) Schematic outline of how a number of fac- pattern of MAB-5; the relative intensity of shading of the VPCs
tors in¯uence vulval fate speci®cation. LIN-39 activity is re- re¯ects their relative competence. (C) Schematic outline of the
quired in all vulval precursor cells and promotes their competence to genetic pathway affecting VPC response to inductive signal. In this
respond to inductive signal (Clark et al., 1991; this work). MAB-5 model, X represents one or more downstream effectors of both the
is expressed in P7.p and P8.p (not in P4±6.p) and reduces the compe- inductive signaling pathway and the lateral signaling pathway. An
tence of these cells (Salser et al., 1993; this work). LIN-3 is ex- alternative model would place lin-39 as a direct target of both of the
pressed in the AC and, based on its ability to specify VPC fate in signaling pathways. This linear pathway is likely oversimpli®ed;
a dose-dependent manner, may form a gradient in which P6.p re- additional targets of the RAS pathway are known and are thought
ceives the highest level of signal and, as a result, is biased toward to function in parallel to lin-1 (Beitel et al., 1995; Singh and Han,
adopting the 17 fate (Hill and Sternberg, 1992; Katz et al., 1995). 1995; Tuck and Greenwald, 1995). There may also be additional
A lateral signaling pathway integrates differences in the level of interactions between the HOM-C genes and more upstream compo-
inductive signaling activity and promotes the 27 fate in P5.p and nents of the vulval-inducing pathway.
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TABLE 2
HOM-C Mutants Can Block Activation of the Inductive and the Lateral Signaling Pathway
Percentage induced
Strain P3.p P4.p P5.p P6.p P7.p P8.p n
(A) lin-39
let-60(gf) 7 10 23 30 13 0 15
lin-39(rf); let-60(gf) 0 0 0 0 0 0 14
lin-1(lf) 88 100 100 100 100 100 12
lin-39(rf); lin-1(lf) 28 32 36 11 80 f 11
lin-12(gf) 38 56 100 81 100 94 8
lin-39(rf); lin-12(gf) 0 0 0 11 0 41 9
(B) mab-5
let-60(gf) 5 25 55 45 50 0 10
mab-5(gf); let-60(gf) 0 0 0 0 0 0 12
Note. Extent of vulval differentiation observed in gonad-ablated homozygous double mutant animals bearing both HOM-C mutations
and Muv gene mutations. (A) Double mutant animals bearing a lin-39(lf) mutation. (B) Double mutant animals bearing a mab-5(gf)
mutation. Each column denotes the percentage induction of each VPC in each strain. In animals bearing lin-39(lf), VPCs that adopt the
47 fate are excluded from the calculation. n denotes the number of animals of each genotype examined; f denotes that all of those VPCs
adopted the 47 fate. We were unable to construct a mab-5(gf); lin-1(lf) strain as the misspeci®cation of vulval fates caused by lin-1(lf)
results in vulval rupture in animals bearing even one copy of mab-5(gf). The following alleles were used: let-60(n1046), lin-1(sy254), lin-
12(n952), lin-39(n709), and mab-5(e1751). Three of 11 gonad-ablated lin-12(n952) animals had seven VPCs (due presumably to an ectopic
VPC division in the L2 stage); such animals behaved similarly to lin-12(gf) animals bearing six VPCs but were excluded from this analysis.
of-function lin-12(n137) mutation (n709 n137, n  11 ani- Integration of HOM-C Activities and the Vulval
Induction Pathwaymals; e1751 n137, n  9 animals). This observation is con-
sistent with neither of these HOM-C mutations completely
The activities of the HOM-C genes and the vulval induc-disrupting HOM-C function in the VPCs. As with the in-
tion RAS pathway are used in distinct ways to specify theductive signaling pathway, LIN-39 could function as a tran-
fates of the central Pn.p cells (Fig. 5A). Each mechanism isscriptional regulator of genes that are required to mediate
employed in a distinct subset of Pn.p cells and facilitatesresponse to the lateral signal.
diversi®cation of Pn.p cell fate in the central body region.
In the ®rst mechanism, the HOM-C genes act indepen-
dent of the vulval induction pathway to control the fatesDISCUSSION
of P(4±8).p. During wild-type development, LIN-39 activity
prevents P(4±8).p from adopting the 47 fate (Clark et al.,We have found that the activity of HOM-C genes regu-
1993). Of these cells, P(7,8).p appear most sensitive to thelates the competence of Pn.p cells at two separate steps: the
level of LIN-39 activity; a reduced level of LIN-39 activityearly activity of LIN-39 controls the VPC versus 47 fate
can be suf®cient to prevent fusion of P(4±6).p but insuf®-decision; the later LIN-39 activity is required for VPCs to
cient to prevent P(7,8).p from adopting the 47 fate. Thisrespond to inductive signal. In addition, the relative activi-
sensitivity of P(7,8).p is presumably due to the activity ofties of two HOM-C genes determine the competence of the
the more posterior HOM-C gene, mab-5, in these cells andvulval precursors and the spatial domains of HOM-C activ-
suggests that MAB-5 activity promotes adoption of the 47ity result in vulval precursors differing in their ability to
fate. HOM-C regulation of Pn.p fusion appears independentrespond to inductive signal. We have also de®ned one mech-
of the activity of the vulva induction pathway: if LIN-39anism by which HOM-C genes can have antagonistic roles
activity is reduced, neither increasing nor decreasing thein the speci®cation of cell fate along the anterior±posterior
activity of the vulval induction pathway affects the fre-body axis. Moreover, we observe that precise vulval pat-
quency or pattern of 47 fate adoption. Thus, adoption of theterning appears dependent on partially redundant mecha-
47 fate is predominantly determined by the combination ofnisms that appear to enhance the precision of vulval pattern
HOM-C genes expressed by a given Pn.p cell. This view isformation. Finally, we propose that selective pressure acts
consistent with previous observations of Pn.p fate speci®-to enhance the precision of vulval fate patterning and that,
cation in the male ventral epidermis (Clark et al., 1993;within this constraint, the relative importance of a given
fate speci®cation mechanism can change during evolution. Salser et al., 1993).
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The second mechanism of Pn.p fate speci®cation ap- These mechanisms are suf®cient to explain fate speci®-
cation of P(3±8).p. P(1,2).p and P(9,10).p may adopt 47 fatespears speci®c to P3.p. During wild-type development,
P3.p adopts the 47 fate or the 37 fate with equal frequency both because they fail to express the VPC-promoting HOM-
C gene LIN-39 and because they express VPC-repressing(Katz et al., 1995). As for P(4±8).p, LIN-39 activity is re-
quired for P3.p to adopt the 37 fate, and reducing the activ- HOM-C activities encoded by another homeotic gene, for
example mab-5 [in P(9,10).p] and ceh-13 [in P(1,2).p]. Speci-ity of the vulval induction pathway does not affect this
decision. However, ectopic activation of the vulval induc- ®cation of the two most posterior Pn.p cells, P(11,12).p,
involves another interaction between two HOM-C genestion pathway caused by Muv mutations can prevent P3.p
from adopting the 47 fate. Interestingly, in wild-type ani- and the vulval induction pathway (Fixsen et al., 1985; Ken-
yon, 1986; Aroian and Sternberg, 1991; Chisholm, 1991; L.mals, P3.p adopts the 47 fate much later than the more
anterior or posterior Pn.p cells; this temporal delay may Jiang and P. W. Sternberg, unpublished results).
allow ectopic activation of the vulval induction pathway
to affect the decision. One explanation for the differences
HOM-C Activity and Competence to Respond tobetween P3.p and P(4±8).p is that P3.p might express a
Inductive Signalmore anterior homeotic gene, for example ceh-13, the pu-
tative ortholog of Drosophila labial (Wang et al., 1993). Studies in Drosophila have demonstrated that HOM-C
activity can in¯uence transmission of intercellular signalsThis gene might act analogously to, but more powerfully
than, mab-5, making P3.p more sensitive than P(4±8).p and that HOM-C genes can be regulated by the RAS path-
way (Immergluck et al., 1990; Reinitz and Levine, 1990). Weto the level of LIN-39 activity. Another possibility is that
the level of LIN-39 activity in P3.p simply might differ have demonstrated that HOM-C genes can also modulate
response to an intercellular signal. Both lin-39 and mab-5between animals. Thus, the fate of P3.p is determined
predominantly by HOM-C activity; the vulval induction are downstream targets or regulate downstream targets of
a well-characterized growth factor receptor-mediated signalpathway is suf®cient but not necessary to affect the deci-
sion. Similarly, ectopic activation of the lateral signaling transduction pathway. Since lin-39 and mab-5 act antago-
nistically to each other and are coexpressed in only a subsetpathway is also suf®cient to affect the P3.p decision
(Greenwald et al., 1983). If the level of LIN-39 activity is of the responding cells, their combined action generates a
pattern of competence within the developmental ®eld. Thisthe dominant factor in determining the fate of P3.p, both
the inductive signaling pathway and the lateral signaling pattern would reinforce other in¯uences on vulval pat-
terning, as we discuss below.pathway might control the level of LIN-39 activity.
The third mechanism of Pn.p fate speci®cation involves
a complex interaction between HOM-C activities and the
HOM-C Activity and Vulval Pattern Formationvulval induction pathway. As described above, lin-39 and
mab-5 appear to have opposing roles in the establishment Our results suggest that the C. elegans HOM-C genes
enhance the precision of the vulval patterning process. Pre-of the permissive conditions necessary for activation of the
vulva induction pathway. We have demonstrated that these vious work suggested that vulval patterning depends upon
partially redundant mechanisms that ensure pattern invari-genes also have opposing roles in the regulation of the re-
sponse to inductive signal in P(5±7).p. Genetic epistasis ex- ance. In one model, the inductive signal produced by the
anchor cell (AC) is able to specify vulval fate in a dose-periments, in combination with the available molecular ge-
netic evidence, suggest that this regulation occurs at the dependent mannerÐa high dose of signal biases a VPC to-
ward adopting the 17 fate; a lower dose biases a VPC towardlevel of a nuclear target of the inductive and, possibly, the
lateral signaling pathways. These experiments further sug- adopting the 27 fate. A lateral signal passing between in-
duced VPCs can compare the relative levels of inductivegest that LIN-39 either regulates essential effector(s) of the
response to inductive and lateral signals or is itself such signal received by each cell and ensure that the VPC that
received a lower level of signal adopts the 27 fate. Thus,a target. In this view, MAB-5 activity would reduce the
expression of LIN-39 or its target(s) in both the VPC versus during wild-type development, P6.p receives a higher level
of inductive signal and is biased toward adopting the 17 fate.47 fate decision and the vulval versus nonvulval fate deci-
sion. Furthermore, our genetic epistasis results suggest that P5.p and P7.p receive lower levels of inductive signal and
are thus biased toward adopting the 27 fate; their fate selec-this role of lin-39 in controlling VPC competence also af-
fects the ability to respond to the lateral signal. Since both tion is reinforced through the action of the lateral signaling
pathway. HOM-C genes play two roles in this patterningthe inductive and the lateral signaling pathways can inde-
pendently regulate VPC fusion (Sternberg and Horvitz, process. First, lin-39 activity determines the ability of all
VPCs to respond to inductive signal. Second, since mab-51989), they might do so through a common effector, LIN-
39. In this view, the HOM-C genes specify P(4±8).p as VPCs, activity appears to make P7.p slightly less sensitive than
P6.p to the same level of inductive signal, mab-5 expressioncreating permissive conditions for the expression of the vul-
val induction genes, and then regulate effectors of the vulval in P7.p would effectively increase the relative difference
between P6.p and P7.p in perceived dose of inductive signal.induction genes in the speci®cation of a smaller subset of
Pn.p cells, P(5±7).p, as vulval tissue. Since relative differences in the level of inductive signal
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appear important, mab-5 activity might compensate for oc- retained. More generally, in a developmental process in
which there are a number of partially redundant mecha-casional variability in the distribution of spatially graded
inductive signal, thereby enhancing the precision of vulval nisms involved, changes in the relative importance of each
mechanism are more likely to be selectively neutral. Wepattern formation. Thus, there appear to be two sources
of spatial information involved in vulval induction in C. therefore believe that neutral genetic drift of the relative
importance of each regulatory pathway plays an importantelegansÐa nonuniform pattern of VPC competence and a
spatially graded inductive signal. role in the evolution of developmental mechanism.
An alternate model of vulval pattern formation invokes
sequential induction. In this view, the inductive signal pro-
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